the commonly used dextran-sulfate-release method after LDL binding at 0-4° C, and the method of assay of the LDL internalized in 30 minutes at 37° C after LDL binding at 0-4° C. Values obtained for LDL binding by the two methods were similar. At cell densities ranging from very sparse (6 x 10 3 ) to very dense (greater than 10 6 cells/ cm 2 ), both binding and degradation of 125 I-LDL decreased in a nonlinear but parallel manner as cell density increased. This change began to occur at subconfluent densities and appeared to be not simply the result of establishment of a confluent cell layer. Thus, endothelial cells respond to changes in cell density with reciprocal changes in LDL metabolism in the same manner as reported for fibroblasts, so that at confluency both LDL receptor activity and LDL degradation are very low. (Arteriosclerosis 4:365-371, 
T he binding, uptake, and degradation of low density lipoprotein (LDL) by human skin fibroblasts, 12 bovine aortic endothelial cells, bovine smooth muscle cells, 3 and rat aortic smooth muscle cells 4 are decreased in confluent cells compared to sparse cells. Vlodovsky et al. 3 reported that endothelial cells were unlike smooth muscle cells, since at confluence endothelial cells apparently lost their ability to internalize membrane-bound LDL. To determine if changes in the binding and degradation of LDL occur as a continuous function of endothelial cell density rather than just at confluent cell densities, we investigated the relationship between the binding and degradation of LDL by cultured bovine aortic endothelial cells at a wide spectrum of cell densities. In addition, since Chait et al. 2 reported that degradation of LDL by fibroblasts was an inverse, nonlinear function of cell density, we determined whether this function was similar in endothelial cells.
Methods

Cell Culture
Bovine aortic endothelial cells were obtained and cultured as described by Schwartz 5 by using either 10% fetal calf serum (Grand Island Biological Supply Company, Grand Island, New York) or bovine serum in Waymouths complete medium. Six strains of cells between the fourth and twelfth passages were used. Endothelial cells from stock flasks were dissociated using 0.05% trypsin/0.02% EDTA. Cells were seeded at various densities in 60 mm plastic culture dishes and allowed to grow for 5 to 10 days as described in the legends to the figures. The results were similar when different cell densities were achieved by growing cells for varying periods of time. The medium was changed twice a week, and 24 to 48 hours before an experiment the medium was changed to one containing 10% lipoprotein-deficient serum, unless otherwise stated.
LDL Binding Assay
Human LDL (1.019 < d < 1.063) and lipoproteindeficient serum (LPDS) (d > 1.25) were isolated from pooled plasma of normal male and female volunteers by sequential ultracentrifugation as described previously by Oram et al. 6 LDL was iodinated by the McFarlane iodine monochloride procedure as modified by Bilheimer et al. 7 Specific activity of the LDL, which was used within 2 weeks of preparation, ranged from 80 to 230 cpm/ng. Binding of LDL was determined by two methods. For the first (Method A), 125 I-LDL was bound to cells at 0-4° C for 2 hours. The cells were then washed extensively, and the bound 125 I-LDL was released for counting using dextran sulfate as described previously. 6 For the second method (Method B), 125 I-LDL was bound to cells at 0-4° C for 2 hours and then extensively washed as in Method A. The cells were then incubated for 30 minutes at 37° C to allow complete internalization of receptor-bound LDL. 8 The amount of LDL degraded during this 30-minute period was negligible (less than 8% of the cell-associated LDL). Following this incubation, the cells were treated with 0.05% trypsin for 10 minutes at 37° C. An aliquot of the suspended cells was centrifuged and counted after one wash with phosphate-buffered saline containing 0.2% albumin (all at 4° C). The glass tubes had been pretreated with 30% human serum at room temperature for at least 1 hour. This treatment with serum decreases by more than 80% the binding to the glass tubes of 125 I-LDL which is released from cell-free dishes by trypsin.
For the determination of the degradation of LDL at 37° C, cell layers were washed with phosphate-buffered saline containing 0.2% albumin. Then serumfree medium containing 2 to 7.5 /xg 125 l-LDL/ml plus either 10% LPDS or 0.2% albumin was added. After incubation for 4 to 24 hours, trichloroacetic acid-soluble, noniodide radioactivity in the media was determined. 910 The value obtained after incubation of 125 I-LDL in cell-free dishes was subtracted from all values to correct for spontaneous breakdown of LDL. The cell-associated LDL was determined after washing the cells three times with phosphate-buffered saline containing 0.2% albumin. Cells were then tryp- 
Results
Binding of LDL
Although pretreatment of the plastic culture dish with growth medium containing 10% serum decreased LDL binding by more than 80% (data not presented), LDL still bound to plastic in a saturable, high-affinity manner similar to that described for LDL binding to glass. 13 Therefore, binding of LDL by plastic was still a significant problem when measuring binding of LDL by subconfluent cells. To correct for binding of LDL to plastic, the value for binding to cellfree dishes (which were treated exactly as dishes with cells) was subtracted from values obtained from subconfluent cultures (<40,000 cells/cm 2 ). In addition, two different methods of determining binding were compared. Method A determines binding by release of LDL at 4° C with dextran sulfate. Method B measures binding by allowing the internalization of LDL at 37° C and then measuring intracellular LDL. As expected, binding of LDL to plastic was clearly greater with Method A compared to Method B (Figure 1 ). Endothelial cells were incubated with increasing concentrations of 125 I-LDL to determine whether these cells showed saturable binding when using Method B ( Figure 2 ). Low affinity binding was estimated by the line y = mx where m equals the slope of the linear portion of the curve at LDL concentrations greater than 10 /Lig/ml, and this amount was subtracted from the total binding. It can be seen that the high affinity receptor showed half-maximal binding at less than 10 /ng/ml in both subconfluent and confluent cultures (Figure 2 , inset). In addition, binding Methods A and B produced similar binding values. Figure 3 ). In addition, by nonparametric analysis, binding of LDL by cells at densities equal to or less than 10,300/cm 2 was significantly greater (p < 0.001) than binding by cells at densities greater than 100,000/cm 2 . The values obtained with these two methods were similar. When binding of LDL was expressed as nanograms (ng) bound per dish, binding of LDL increased as cell density increased to 5-6 x io"/cm ? . Binding then decreased as density was further increased (data not presented). It is important to note that a major decrement in binding occurred at densities well below confluence.
Utilization of LDL
Degradation of LDL decreased in a nonlinear fashion as a function of cell density (Figure 4 ). The synthesis of cholesteryl ester with use of 14 C-oleate as substrate decreased in the same manner as cell density increased ( Figure 5 ). In addition, the thymidine index was determined in parallel cultures, and the percentage of growing cells also decreased as After preincubation in 10% LPDS for 24 hours, one set of cells was exposed to 30 /^g LDL/ml in serum-free medium. After 6 hours, 14 C-oleate (8.7 /xM) bound to albumin (0.02%) was directly added for 2 more hours, and incorporation of oleate into cholesteryl ester was determined. With another set of dishes, cells were exposed to 3 H-thymidine (1.0 ^Ci/ml) for 2 hours and then processed for autoradiography as described in Methods.
cell density increased ( Figure 5) . A direct comparison of LDL binding and utilization (degraded plus cell-associated LDL) in parallel cultures at high densities is shown in Figure 6 . Clearly, the changes in endocytosis of LDL as cell density increased were similar to those observed for LDL binding.
Dependence of LDL Degradation on Lysosomal Activity
To determine whether degradation of LDL by these cells is dependent on lysosomal function, the effect of increasing concentrations of chloroquine on LDL degradation by sparse and confluent endothelial cells was studied. Degradation of LDL was decreased by 40 fiM chloroquine by more than 90% in both sparse and confluent cells. Sparse cells were more sensitive to the inhibitory effects of chloroquine as degradation of LDL was decreased 90% by 20 /J.M chloroquine compared to 73% inhibition in confluent cells (Figure 7 ). As has been suggested, u chloroquine affects more than lysosomal activity, since total uptake of LDL (cell-associated plus degraded) by sparse cells was decreased 44% to 47% by concentrations of chloroquine of 30 p.M or greater. Total uptake of LDL by confluent cells was decreased 14% The effect of chloroquine on the specific degradation of 125 I-LDL by sparse (o, 10,000 cells/cm 2 ) and dense cells (•, 100,000 cells/cm 2 ). Cells were preincubated for 22 hours with 10% LPDS, then the indicated concentration of chloroquine (at pH 7.4) was added directly to the dishes. After 2 hours, medium was switched to serum-free medium plus 0.2% BSA plus 2 ^9 125 l-LDL/ml ± 200 ^9 unlabeled LDL/ml plus the indicated concentrations of chloroquine for 4 hours at 37° C. Points are the mean of duplicate determinations of specific degradation as percentage of control. by 40 /MM chloroquine (data not presented). However, chloroquine decreased degradation of LDL by 85% at concentrations that did not alter the uptake of LDL (20 ^M for sparse cells and 30 /AM for confluent cells), which indicated that most degradation of LDL occurs in lysosomes.
Regulation of LDL Degradation by LPDS
Upregulation of LDL degradation by endothelial cells after preincubation with 10% LPDS for 24 hours is apparent in less dense cultures (310% of control at 10 4 cells/cm 2 , Figure 8 ). However, with increasing density endothelial cells became less responsive to LPDS (130% of control at 1.26 x 10 5 cells/cm 2 ). This has also been observed with bovine aortic smooth muscle cells (data not presented). To determine if confluent endothelial cells respond to a greater degree after shorter incubation times similar to the effects observed with fibroblasts, 6 the effects of a 4-to 48-hour preincubation of cells with LPDS were studied. It can be seen in Figure 9 that LDL degradation was increased at all times after preincubation with LPDS, but at no time to the extent observed at lower cell densities after a 24-hour preincubation. Thus, the decreasing effect of a 24-hour preincubation with LPDS as cell density increases was not the result of a more transient upregulation of LDL degradation at higher cell densities. 
Discussion
As has been described, 15 16 endothelial cells bind and degrade LDL in a saturable manner. We found that the decreased ability of confluent endothelial cells to degrade LDL is the result of the loss of LDL receptor activity similar to what has been observed with fibroblasts and smooth muscle cells. This is most clearly demonstrated by the similarity of LDL binding values obtained using the dextran sulfate method and the internalization method. The mechanism for this effect of cell density on LDL receptor activity is not known, but the cellular growth rate is clearly involved. The thymidine index of endothelial cells decreased with increasing cell density 17 ( Figure  5 ) as does LDL metabolism. Effects of changes in the growth rate and cell density cannot be separated. There is also a growth-independent component to the effect of cell density on LDL receptor activity of fibroblasts 18 which may also be operative with endothelial cells. This growth-independent effect may result from some form of cell-cell contact. In this regard, during the 5 to 10 days endothelial cells were grown before assay of LDL receptor activity, "islands" of cells formed. It is possible that the effect of cell density is the result of cells becoming confluent in the middle of "islands." If so, it could be predicted that cells in the middle of these "islands" would be labeled with 3 H-thymidine with less frequency compared with cells at the periphery. This was not observed ( Figure 10 ), but the high degree of cell motility present in these cultures made interpretation of these data difficult. Although changes in cellular growth as a function of cell density were correlated with changes in LDL metabolism, it is not certain that growth rate is the only factor regulating LDL receptor activity as cell density changes.
Our results concerning the effect of endothelial cell density on LDL utilization do not agree with the findings of Vlodovsky et al. 3 These authors reported that the binding of LDL by endothelial cells did not decrease proportionally with the decrease in the internalization of LDL as endothelial cell density increased. They hypothesized that decreased receptor mobility caused by cell-cell contact and the formation of a continuous monolayer caused decreased internalization of LDL with relatively little effect on LDL binding. The major difference in methodology was the use of fibroblast growth factor (FGF), which Vlodovsky et al. reported is required to maintain the normal contact-inhibited morphology of their endothelial cells. This was not required by our cells. Since FGF reportedly 19 alters the metabolism of LDL by bovine aortic endothelial cells, it is possible that FGF may also affect the binding of LDL. The use of FGF might explain the greater LDL binding reported by Vlodovsky et al. compared to our present study. Certainly, the effect of FGF on LDL metabolism by endothelial cells needs to be clarified.
The greater values of LDL binding observed by Vlodovsky et al. allowed these authors to ignore the binding of LDL to plastic because the amount bound by cell-free dishes represented less than 5% of the amount bound with cells present. This was not the case in our experiments in which the amount of LDL bound to a cell-free dish was in some cases more than 50% of the amount bound in the presence of cells. For this reason we chose to subtract a cell-free binding value from the binding values of cultures with significant amounts of plastic exposed (<40,000 cells/cm 2 ). In addition, we used two methods for determining binding, which yielded greatly different val-ues for LDL binding to cell-free dishes. The fact that these two methods gave essentially the same LDL binding values for cells over a wide range of densities indicates the adequacy of this method of correcting for the error of LDL binding to plastic.
There are at least two possible explanations for the decreasing effect of a 24-hour preincubation with LPDS on LDL degradation as cell density increases. First, this effect may arise because of differences extrinsic to the cells. For example, differences in the ratio of the volume of medium to the number of cells could alter the rates of efflux of cholesterol and thereby alter LDL metabolism. Oram et al. 6 have demonstrated that LPDS increases binding of LDL by fibroblasts within 4 hours. This change in binding is strongly correlated with the amount of cholesterol removed from the cells. In addition, efflux of cholesterol, which appears to be mediated by apo A-l-containing particles in the medium, is a saturable process. 20 21 More cholesterol is available for removal in dense cultures, which suggests the cholesterol acceptors of the medium over dense cell cultures may become saturated before this occurs with sparse cell cultures. Saturation of the cholesterol acceptors would result in the cessation of net sterol efflux, which would allow cholesterol originating from hydrolysis of lysosomal cholesteryl esters and cellular cholesterogenesis to down-regulate the LDL receptor. Indeed, incubation of dense endothelial cells with compactin (a competitive inhibitor of 3-hydroxy-3methyl-glutaryl coenzyme A reductase) plus LPDS resulted in increased LDL degradation compared to LPDS alone, implying that de novo synthesis of cholesterol normally decreases degradation of LDL (data not presented).
The second possibility is that there are intrinsic differences between sparse and dense cells. For example, Vlodovsky et al. 22 have reported dramatic differences in the composition of the cell membrane of endothelial cells at sparse and high cell density. Such differences in cells at various densities, which would result in a different effect of LPDS on LDL degradation, might involve the rates of removal of cholesterol (i.e., the packing and location of cholesterol in the membrane). This is supported by the work of Fielding and Moser 23 who demonstrated that the rates of cholesterol efflux are actually decreased in confluent cells compared to sparse cells. In addition, the regulation of enzymes that control the intracellular levels and subcellular location of cholesterol (i.e., 3-hydroxy-3-methylglutaryl coenzyme A reductase, acid cholesteryl esterase, neutral cholesteryl esterase, acyl cholesteryl acyltransferase, and sterol carrier protein) and thereby LDL receptor activity may be different in sparse and confluent cells. Depletion of pools of cholesterol or cholesterol-derived products involved in regulating LDL receptors may result from progression of sparse cells through the cell cycle. There may also be some effects of cell density on regulatory pools that are independent of changes in the rate of proliferation, similar to observations on the effects of cell density on LDL receptor activity 18 and lysosomal enzyme activity 24 in fibroblasts.
The similarity of these data to those of Chait et al. 2 indicate that contact-inhibited confluent endothelial cell cultures do not behave uniquely in comparison to dense cultures of fibroblasts and arterial smooth muscle cells with regard to LDL binding, internalization, and degradation. LDL binding and degradation decrease in parallel in a nonlinear manner as a function of cell density, not just at confluence. The mechanism of this regulation is not known.
